Atomic force microscopy at ambient and liquid conditions with stiff sensors and small amplitudes Rev. Sci. Instrum. 82, 093703 (2011) A new design of a noncontact atomic force microscope (AFM) is introduced in this paper, based on a piezoelectric oscillator sensor (PEOS) for ambient and liquid environments. Because of the recent development of quartz technology, the PEOS sensor operates independently from conventional laser alignments. The sensor is based on the length extension resonator, which has high force sensitivity and can deliver high resolution AFM images in ultrahigh vacuum. The oscillator design was tested in different gas compositions and liquids to determine its oscillation stability. The scan performance was investigated in both air and liquid on the topography of an inorganic hard material, graphite. The usability of PEOS for soft organic materials was further proven by imaging biological samples of DNA origami.
Piezoelectric oscillation sensor based noncontact atomic force microscope for imaging in both ambient and liquid environments A new design of a noncontact atomic force microscope (AFM) is introduced in this paper, based on a piezoelectric oscillator sensor (PEOS) for ambient and liquid environments. Because of the recent development of quartz technology, the PEOS sensor operates independently from conventional laser alignments. The sensor is based on the length extension resonator, which has high force sensitivity and can deliver high resolution AFM images in ultrahigh vacuum. The oscillator design was tested in different gas compositions and liquids to determine its oscillation stability. The scan performance was investigated in both air and liquid on the topography of an inorganic hard material, graphite. The usability of PEOS for soft organic materials was further proven by imaging biological samples of DNA origami. V C 2015 American Vacuum Society.
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I. INTRODUCTION
The atomic force microscope (AFM) has been an important tool within the researches of electrical insulating and biological samples for many years. 1, 2 AFMs are able to perform topography measurements in ultrahigh vacuum (UHV), ambient, or liquid conditions depending on their design. Among various modes, noncontact (NC) AFMs have proven their worth by revealing the complete atomic surface structure of highly ordered pyrolytic graphite 3 and by imaging electron orbitals of C60 balls 4 and flat atomic structures of single molecules [5] [6] [7] [8] in low temperature UHV systems equipped with a tuning fork AFM. It is even possible to achieve true atomic resolution under ambient conditions with these AFMs. 9 NC AFMs have another advantage compared to semicontact AFMs as it was pointed out by Yang et al. 10 The group has shown that a NC AFM is able to reveal the true topography of soft samples without deformation as a reason of the lower loading forces to the sample during the measurement.
As an all-electric setup, the tuning fork has a huge advantage in UHV systems where the access to AFM is limited. It also has an advantage in ambient conditions when combined with Raman spectroscopy, where any additional light source can cause unwanted noise. A laser-independent AFM would have some advantages in liquids. This could be the case in a nontransparent medium or in media with multiple interfaces such as emulsions. A metal protection would allow such sensors to be fully submerged into a liquid, where tuning forks are limited to very thin liquid layers to protect the piezoelectrical parts.
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The piezoelectric oscillator sensor (PEOS) is an allelectric AFM sensor with the needed protection for liquid measurements. For testing, we modified an existing commercial AFM with the sensor and added the all-electric NC mode to the microscope. PEOS operates in a similar way as designs with tuning forks 12 without deflection measurement by a laser alignment.
During an NC scan, it is crucial to avoid a jump into contact with the sample and to keep the probe-surface distance in the noncontact region. For this reason, PEOS is based on the very stiff length extension resonator (LER). 13 In contrast to ordinary AFM cantilevers and tuning forks, LER oscillates along its longitudinal axis exploiting a higher spring constant of approximately 400 kN/m.
14 Other key features of LER are; a high resonance frequency-approximately 1 MHz, a huge Q factor-more than 6000, and small oscillation amplitudes-smaller than 1 nm. A high Q factor of several thousand means a low thermal noise and a narrow resonance frequency response. Both were shown in theoretical estimations and experiments. 15 An example of LER's small amplitude is the fact that a group built a working AFM, in which the probe is oscillating parallel instead of orthogonal to the surface. 16 An all-electric sensor uses piezoelectric elements simultaneously for the excitation and the monitoring of the oscillation. The two needed piezoelements of LER are influencing each other only mechanically. One of the piezoelements is driven by an induced voltage signal to excite the oscillation, while the other element produces a current signal caused by the oscillation of LER. A phased-locked loop takes both electrical signals, the driving voltage and the oscillation current, and derives the frequency modulation (FM) of LER from free resonance frequency, which is used in the feedback loop of the AFM controller.
II. DESIGN OF THE MICROSCOPE
We designed and built a custom AFM head to mount a KolibriSensor TM from Specs on a MultiMode TM (MM) AFM base from Bruker (see Fig. 1 ). A KolibriReceptor TM from Specs and our head establish the necessary electrical connections to LER by spring contacts [see Fig. 1(a) ] and LEMO plugs [see Fig. 1(b) ]. The idea is to make the sensor a) Electronic mail: dong@inano.au.dk approach the sample from above so that a drop can be placed on the sample for liquid measurements [see Fig. 1(b) ]. Liquids are prevented from getting into the sensor by their own surface tension and by the small size of the probe's hole [see Fig. 1(c) ]. Because LER is an all-electric sensor, the deposition of the liquid does not require a realignment of a laser.
The system with MM is an open-loop sample scanning probe microscope, which utilizes the coarse drive and the scanner tube of MM. The design can be used with the different MM scanners providing scanning ranges from 1 lm Â 1 lm to 100 lm Â 100 lm. The bottom ring of an invar alloy secures the head both magnetically and by the hooks and springs on the MM scanner [see Fig. 1(b) ]. The other metal parts of the head are carved from stainless steel. The sensor's metal cup is designed to protect LER, while the tungsten probe is sputtered and sharpened by a focused ion beam in UHV. The protection also eases the handling of the sensor by tweezers. A downside of the protection is that LER is influenced by two different environments, both inside and outside the protection cup, which can be as different from each other as ambient to liquid.
The feedback loop is utilizing the FM of LER's resonance frequency, which is dependent on the strength of the probesample interaction. The resonance frequency is shifted by changes to the part of the potential field, in which the probe is oscillating. 17 The FM technique is described by Albrecht et al. 15 Focusing on the frequency shift is more favorable for NC AFM with high Q factor oscillators, since the Q factor causes a longer response time for the amplitude modulation. It is estimated that the response time (T) for an amplitude shift is T ¼ 2Q=f 0 (Ref. 18 ) and T ¼ 1=f 0 for a frequency shift with a fixed driving amplitude and a driving frequency close to resonance frequency (f 0 ). 15 These shifts can be monitored with a high-performance phased-locked loop (PLL), which is an Oscillation Control 4 (OC4) with a KolibriPreamplifier (KP) from Nanonis/Specs for our experiments. After KP has converted and amplified the amplitude signal from the sensor to a voltage signal, another voltage signal is generated by PLL corresponding to the frequency shift. The last mentioned signal is utilized as a feedback signal for the AFM controller.
The AFM controller can be from a simple scanning tunneling microscope. For this, the feedback signal of the tunneling current needs to be replaced by the voltage signal from PLL. Our controller is the modular Nanonis SPM controller from Nanonis/Specs, consisting of a "Real-time Controller (RT4) ," a "Signal Conditioning Unit (SC4) ," "High Voltage Supply (HVS4) ," "High Voltage Amplifier (HVA4) ," and "Adaption Kit Veeco Microscope (AKVM)." The AKVM allows us to use the standard 39-pin serial cable of the MM.
III. SENSOR IN DIFFERENT ENVIRONMENTS A. Operation in different gases
Since the sensor is designed for UHV conditions, the first logical step is to test PEOS under various ambient conditions. For this task, the AFM sensor was placed together with a humidity and temperature probe in an environment of flowing gas, which allows heat exchange with the lab air. Different gases were injected through a hose into the setup. The system is not sealed in order to control the overpressure in a reasonable range. A low overpressure in the system cannot prevent small amounts of air from the lab to get inside by diffusion. In this way, different ambient conditions inside the setup can be achieved by alternating the speed of the gas flow. The turbulences, caused by the flowing gas, do not seem to have an influence on the sensor and its noise.
During the experiment, the shift in the resonance frequency and the full-width-half-maximum (FWHM) were monitored; since these are the key features for the FM measurements (see Fig. 2 ). A high resonance frequency shortens the response time, and a narrow FWHM is of importance to PLL in order to follow the frequency shift better. While the gas was flowing through the system, several frequency and phase spectra were taken of LER's oscillation [e.g., see By changing the gas flow, we can imply extreme environmental changes, which are not wanted under normal laboratory conditions. Figures 2(c)-2(e) show how three key features of the sensor change due to sudden alternation of the gas flow. The gas flow was changed at the moment marked by dotted-lines in Figs. 2(b)-2(e). Both the humidity inside the setup and the oscillation parameters approach some equilibrium conditions before and after this moment, which leads us to the next step of comparing the different gases to each other [see Figs. 3(a)-3(c) ] The measurement in air is used as a reference of unprotected, ambient laboratory conditions for a relative comparison between the gases [see Fig. 3(c) ]. It is obvious that the resonance frequency hardly changes, compared to FWHM on a relative scale. This means the Q factor is mostly influenced by FWHM. Referring to Giessibl, 17 the change in the Q factor should have no influence on the response time of the FM mode, which is another reason to use it for LER.
B. Operation in liquids
Besides the ambient conditions, which will be used for comparison, we tested the behavior of the sensor under liquid conditions. For the liquid experiments, we used droplets of Milli-Q clean water and 10Â TEA buffer, pH 6.8, with 12.5 mM/l of Mg 2þ . The head design is very useful for the comparison of the surface between ambient and liquid conditions. The liquid can be added without moving the head in the lateral position with respect to the sample [see Fig. 1(c) ]. Figure 4 is about the behavior of the sensor concerning its oscillation spectra and the interaction with the surface. According to the general experience with AFMs under liquid conditions and the results of the gas flow experiment, it is expected that the damping by hydrodynamics under liquid conditions is higher, causing a broader resonance peak and lower amplitude at the same excitation 19 [see Fig. 4(a) ]. The amplitude of the excitation is measured to be (241.5 6 0.2) nm/V in air and (76.3 6 0.6) nm/V in water. The resonance frequency under liquid conditions is (60.0 6 2.6) Hz. For the PLL performance, the slope of the phase near the resonance frequency is of great importance to the FM resolution and thereby the probe-sample distance [see Fig. 4(b) ].
The z spectroscopy is recorded by retracting the sensor from the sample and moving it back into position afterward, which explains the hysteresis in Figs. 4(c)-4(f). In this way, unwanted strong interaction between the probe and the sample are avoided. The starting point was 10 Hz of frequency shift under both conditions. Also, the amplitude was the same in both environments, causing a $3 times higher excitation in water. Under ambient conditions, the interactive range with the sample is much shorter for the frequency shift [see Fig. 4(c) ] and the excitation amplitude [see Fig. 4(d) ]. The probe oscillates freely for distances bigger than 60 nm from the silicon surface. In liquids, the z spectroscopy shows a minimum in the frequency shift and an interaction distance of more than 300 nm [see Figs. 4(e) and 4(f)]. A big interaction distance should prohibit the possibility to obtain high resolution AFM. But the z spectroscopy also shows that the frequency shift drops much faster during the retraction of the probe in liquid. The frequency shift falls 10 Hz over a distance of 7.0 nm in liquid, while the frequency shift only drops 2.7 Hz under ambient conditions for the same distance. So, the frequency shift is more sensitive regarding the sample-probe distance; although the minima can cause a problem, which will be discussed more in the supplementary material. 20 It is possible that the distance between the probe and the sample suddenly increases when the absolute frequency shift is used (see supplementary material). Running the feedback loop with a low set point can make it lock the probe into a position further away from the sample with the corresponding negative frequency shift. The result is a lower resolution, since the frequency shift is less responsive to changing probe-sample distances during the measurement.
IV. IMAGING WITH THE SENSOR UNDER DIFFERENT CONDITIONS
To test the sensor performance along with the MM scanner and the controller, we measured a standard sample to check the resolution power of AFM, namely, highly oriented pyrolytic graphite (HOPG). An advantage of HOPG is that it can be easily cleaned from possible contamination by cleaving and has a well-known surface structure. 21 A drop of clean water is added to the surface after the measurement under ambient conditions. Because the AFM's design, the same features can be imaged and compared without the aid of an optical microscope and shortly after the deposition of the liquid. Figure 5 is an example of the scanning performance experienced on HOPG under ambient conditions and after the deposition of a Milli-Q clean water drop.
In general, the resolution of the 2D topography is better under ambient conditions than in liquid [see Since LER has a very high level of stiffness compared to regular cantilevers, another test was performed on a softer material, DNA origami. The triangular shape of the origami makes it easy to distinguish possible contaminations on the surface. DNA is deposited on muscovite green mica and silicon. The two substrates differ from each other in their interaction with DNA, which explains the difference in ion concentration of the buffer used for the deposition. 22, 23 The ion concentration is a magnitude higher for silicon. Due to the surface charge of mica, the origami is fixed on it by Mg 2þ ion bridges.
16 Figure 6 shows a random selection of the results taken with DNA origami. The line profile of the origami was measured as illustrated in Fig. 6(a) to determine its size and height. We can conclude from this that the side length of the origami is 100 nm and its height is 2 nm. In our measurements, the side length was determined to be (103.14 6 7.3) nm with a height of (2. 
V. DISCUSSION
We tested a NC AFM sensor under ambient and liquid conditions. An advantage of this AFM design is that it does not need any modifications for changing from ambient to liquid. The Q factor of the sensor is not only inflicted by change from ambient to liquid conditions, but also reacts to changing ambient conditions, which has been shown by an alternating gas flow experiment. In a relative comparison, we are able to show that the resonance frequency hardly changes, while the width of the resonance peak increases with heavier gases and under liquid conditions. Bhiladvala and Wang 24 reported the same for orthogonal oscillating micrometer and nanometer beams, which show a lower Q factor in denser media. They stated that the Q factor depends reciprocally on the density of the medium and on the induced damping. Since the response time of FM AFM only depends on the resonance frequency, 17 the relative small shifts in frequency should theoretically not have an influence on the acquisition time of a measurement. Furthermore, our results of the sensor stability give insight on the frequency deviation, which should be expected during the future scan under ambient conditions. A frequency shift of 60 Hz between ambient and liquid conditions is negligible compared to 1 MHz, where the frequency of normal cantilevers drop by several percent. 24 On one hand, the z spectroscopy reveals a steeper slope of the frequency shift close to the sample under liquid conditions, which is good news for the FM feedback loop, but on the other hand, the direct comparison with HOPG shows a lower comparable resolution. One of the reasons for the lower resolution in liquid is the reduced slope in the phase spectra around the resonance frequency. The change of the phase slope prohibits PLL from achieving ambient performance. Furthermore, the denser medium increases the thermal noise in the frequency shift as it was reported by Albrecht et al. 15 His group produced an equation [see Eq. (2)], which gives the relation between the thermal frequency noise (df thermal ), the resonance frequency (f r ), and the Q factor (Q). The remaining part of the equation takes its origin in the thermal energy (k B T), the bandwidth (B), and the mechanical energy stored (0:5kA 2 )
Aside the above mentioned reasons, we would like to point out that the liquid environment is a droplet interacting with the lab environment, for instance, through evaporation, which increases the noise and the temperature deviation. By moving the sensor into the liquid, the surface and the pressure inside the droplet change, which is the reason for the longer interaction range in liquid. Our experiment with gas flow showed how induced changes under ambient conditions have an influence on LER. Our suggestion is to use an alternative environment by operating in a closed liquid cell instead of in a droplet.
Another uncertainty is created by the metal housing of the LER. Because the liquid has no direct access to the LER inside, the oscillation is influenced by two different environments. This is also the case under alternating ambient conditions, since the only exchange between the inside and the outside of the sensor happens through the small hole of the probe by diffusion. We think this might be the reason for the different oscillation parameters under similar conditions regarding temperature and humidity. The experiments show how stable the environment must be to gain the best performance of the sensor.
It was proclaimed that the advantage of the NC AFM is a low-interaction force and a low possibility of deforming soft materials. 10 Our system is able to scan both soft organic material, DNA with a Young's Modulus below 0.1 GPa, and hard inorganic materials, e.g., HOPG with a Young's Modulus of $10-20 GPa. The high stiffness of the sensor would cause deformation of the topography or even induce destructive force in contact with the soft material, if it should be used in semicontact mode. 10, 12 Running as a NC AFM, the sensor has no problem to image the DNA origami on mica or silicon without significant deformation. The results on DNA origami reveal great possibilities for the application of the sensor on softer materials as living cells.
VI. CONCLUSION
Considering the topographical mapping of soft materials, the laser-free, all-electric NC AFM has been proven in this work to have a lower probe-sample interaction force and a lower risk of damaging samples. The LER inside the sensor has shown that, despite its high stiffness, it can measure DNA samples without deformation in height profile under ambient conditions. The increase of the noise under ambient conditions compared to UHV is caused by the alternating ambient environmental conditions. The noise is even higher in liquid due to several reasons mentioned in the discussion. However, the measurement performance on HOPG shows that the topography is comparable to down to the nanometer range between air and water.
The sensor was also tested under extreme ambient conditions by inserting it into a gas flow environment. By changing the gas flow, the conditions were altered to test the sensor's stability. The sensor showed minor response in shifts of the resonance frequency, which is favorable for the acquisition time. The Q factor was influence in a higher degree, which has an influence on the thermal noise.
Concluding from ours results and those of other groups regarding the Q-plus and LER, we are sure that similar designs, like the ones shown here, have a future combined with a better environmental control. The setup is special in the way that it operates. The design of the sensor provides a high resonance frequency of 1 MHz and a very high Q factor compared to standard AFM cantilevers. All-electric NC AFM can be used to gain a better insight into biological samples such as living cells and proteins by measuring in a more delicate way. Also, light sensitive experiments, in combination with Raman spectroscopy or with light sensitive sample, are possible because of the all-electric sensor.
